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OBJECTIVES We sought to describe the sequence of molecular events during ischemia and reperfusion of
the human heart and to determine the activation of stress kinases and deoxyribonucleic acid
(DNA) damage response elements on apoptosis in ischemia or reperfusion of the human
heart.
BACKGROUND Brief ischemia is tolerated by cardiac myocytes, but it determines immediate metabolic
changes and block of contraction. Prompt restoration of coronary blood flow is inexorably
associated with a slow recovery of myocardial contractile function. The prolonged, postisch-
emic contractile dysfunction in the viable tissue is called myocardial stunning. The molecular
mechanisms underlying myocardial stunning and ischemia-reperfusion injury are still poorly
understood. Their elucidation would be valuable in order to identify novel therapeutic
strategies.
METHODS We examined human left ventricular samples taken from 20 patients undergoing elective valve
surgery before aortic cross-clamping, 20  2 min (brief ischemia), 58  5 min after the
cross-clamping period (prolonged ischemia), and 21  4 min after reconstitution of coronary
blood flow (reperfusion). Stress kinases and DNA damage sensor proteins (ATM, H2AX,
p53) were determined by immunoblotting with specific antibodies. Electron microscopy
analysis was carried out on ischemic and reperfused samples. ATP content, reactive oxygen
species (ROS) levels, and cytochrome oxidase activity were determined by biochemical assays.
RESULTS Ischemia caused accumulation of ROS, reduction of cytochrome C oxidase and ATP, and
activation of stress kinases p38 and Jun terminal kinase. Electron microscopy showed
significant mitochondrial swelling in the majority of cells, but no appreciable apoptosis of
cardiomyocytes. During ischemia, myocytes were intensely stained by TUNEL, and many
cells showed proliferative cell nuclear antigen-positive nuclei. Finally, we found in ischemic
tissues increased p53/p21WAF levels and phosphorylation of histone H2AX, a substrate of
ATM kinase, which marks double-strand DNA breaks. Reperfusion caused a robust
extracellular signal-regulated kinase-1/2 activation, a marked reduction of TUNEL staining,
and persistent activation of ATM checkpoint.
CONCLUSIONS These data indicate that ischemia induces extensive DNA damage and activation of ATM
checkpoint. Reperfusion allows the repair of the DNA lesions and salvage of ischemic
cells. (J Am Coll Cardiol 2004;43:1992–9) © 2004 by the American College of Cardiology
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Hrief ischemia is tolerated by cardiac myocytes, but it
etermines immediate metabolic changes and block of
ontraction. Prompt restoration of coronary blood flow is
nexorably associated with a slow recovery of myocardial
ontractile function. The prolonged, post-ischemic contrac-
ile dysfunction in the viable tissue is called myocardial
tunning (1). The molecular mechanisms underlying myo-
ardial stunning and ischemia-reperfusion injury are still
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rder to identify novel therapeutic strategies.
It has been shown in animal models that production of
xygen free radicals (reactive oxygen species [ROS]) soon
fter restoration of blood flow is responsible for the reper-
usion injury (2–4). Nevertheless, the clinical use of anti-
xidants during the reperfusion therapy of human myocar-
ial infarction did not prevent the stunning phenomenon
5). These data suggest that other mechanisms, possibly
cting during the ischemic period, could be involved in the
athogenesis of ischemia and reperfusion injury. Apoptosis
as been described in a variety of human cardiovascular
iseases, including myocardial infarction (6) and heart
ailure (7,8). In vivo animal models of myocardial ischemia
nd reperfusion have shown apoptotic cell death in severely
nd mildly ischemic regions (9) and after reperfusion (10).
owever, there is considerable controversy about the extentf cardiac myocytes, which undergo apoptosis in various
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June 2, 2004:1992–9 DNA Damage in Human Ischemia and Reperfusionardiac diseases, and many investigators now believe that
ery high numbers may be artifactual as they would not be
onsistent with survival of the organ.
Cardiopulmonary bypass during open-heart surgery is a
ontrolled human model of myocardial ischemia and reper-
usion caused by aortic cross-clamping. Patients undergoing
ardiopulmonary bypass often postoperatively develop heart
ailure due to myocardial stunning, and they require inotro-
ic support.
We analyzed the activation of stress kinases signaling
ascade and of markers of DNA damage in left ventricles
uring cardiopulmonary bypass. We found that acute isch-
mia robustly activated stress kinases. The majority of
yocytes became TUNEL-positive and accumulated de-
xyribonucleic acid (DNA) lesions, as shown by positive
roliferative cell nuclear antigen (PCNA) staining and
ctivation of ATM, the enzyme that senses DNA damage.
eperfusion was associated with reduced TUNEL staining,
lthough ROS accumulation was stimulated.
ETHODS
atient selection and surgical protocol. The study was
erformed on left ventricular human samples obtained from
0 consecutive patients during elective valvular surgery
aortic and/or mitralic) at the Department of Cardiothoracic
urgery at “Brotzu” Hospital in Cagliari (Italy). Biopsies
ere obtained from 12 men and eight women (mean age, 56
6 years) (Table 1). The protocol was approved by the
nstitutional Ethics Committee (University of Cagliari),
nd informed consent was obtained from all patients.
atients with left ventricular ejection fraction 40%, those
equiring preoperative inotropic or intraaortic balloon pump
upport, those with uncontrolled systemic diseases (diabetes,
ypertension, or renal failure), those receiving nitrate med-
cations or statins were excluded. Routine anesthetic and
urgical protocols were used in all patients enrolled. The
ame surgeon performed all operations. The surgical out-
ome was uneventful in all patients, and there were no major
omplications (myocardial infarction, death). The hearts
ere maintained in pO2 140 mm Hg for the entire period
f ischemia. All patients received blood cardioplegic solu-
ion plus KCl. Briefly, blood cardioplegia was administered
o all patients immediately after cross-clamping of the aorta.
ardioplegia was given first, antegrade, through the aortic
oot, and then retrograde through the coronary sinus with
Abbreviations and Acronyms
COX  cytochrome c oxidase
DNA  deoxyribonucleic acid
EM  electron microscopy
ERK  extracellular signal-regulated kinase
JNK  Jun terminal kinase
PCNA  proliferative cell nuclear antigen
ROS  reactive oxygen speciesoluses of cold cardioplegia every 20 min. Patients were saintained in mild hypothermia (32°C rectal temperature);
efore removal of the cross-clamp, an additional warm
ardioplegia was administered, followed by warm blood.
eft ventricular biopsies. Biopsies (10 to 20 mg) were
aken at four time points during the operation: 1) before
ortic cross-clamping (control); 2) 20  2 min after the
ross-clamping period (20’); 3) 58  5 min after the
ross-clamping period (58’); and 4) after 21  4 min from
econstitution of coronary blood flow (reperfusion). Samples
ere snap-frozen in liquid nitrogen and stored at 80°C
efore use.
mmunoblotting and antibodies. Fourteen different
roups of ventricular specimens (Table 1) were lyzed in
ce-cold RIPA buffer (20 mM Tris-HCl pH 7.4, 0.15 M
aCl, 10 mM EDTA, 0.25% Triton X-100, 0.05% Tween-
0, 0.1% SDS) containing aprotinin (5 g/ml), leupeptin
10 g/ml), pepstatin (2 g/ml), and 0.5 mM phenylmeth-
lsulfonyl fluoride (PMSF). Proteins (40 to 60 g) were
eparated on SDS-polyacrilamide gels and transferred to
itrocellulose membranes. Commercially available primary
ntibodies anti-p38 (rabbit, Santa Cruz, sc-535, Santa
ruz, California) and phospho-p38 (rabbit, Cell Signaling,
everly, Massachusetts 9211), anti-extracellular signal-
egulated kinase (ERK)-1/2 (rabbit, Santa Cruz, sc-154)
nd phospho-ERK1/2 (mouse, Santa Cruz, sc-7383), anti-
un terminal kinase (JNK) (rabbit, Upstate Biotechnology,
altham, Massachusetts) and p-JNK (rabbit, Upstate Bio-
echnology), anti-p53 (mouse, Santa Cruz), anti-PCNA
mouse, Dako, clone PC 10) and anti-p21WAF (goat, Santa
ruz), anti H2Ax (rabbit, Upstate Biotechnology) were
sed. Immunoblotting was performed as previously de-
able 1. List of Patients and Specific Assays for Each Group
f Samples
Patient Age Gender Surgery Technique Assay
. T. 54 M aortic EM COX/ATP
. M. 52 M mitral EM MDA
. D. 50 F mitral EM COX/ATP
. S. 55 M aortic IH COX/ATP
. R. 54 M aortic IH MDA
. C. 52 M aortic IH COX/ATP
. G. 62 F mitral WB MDA
. P. 64 M mitral WB MDA
. N. 48 M mitral WB MDA
. S. 52 M aortic WB COX/ATP
. B. 60 F aortic WB COX/ATP
. G. 68 F mitral WB MDA
. P. 55 M aortic WB MDA
. D. 65 M mitral WB MDA
. G. 63 F mitral WB COX/ATP
. R. 56 M aortic WB COX/ATP
. M. 56 F mitral WB MDA
. D. 44 F aortic WB MDA
. S. 48 M mitral WB COX/ATP
. M. 62 F mitral WB COX/ATP
OX  cytochrome c oxidase; EM  electron microscopy; IH  immuno-
istochemistry; MDA  malondialdehyde; WB  Western blotting.cribed (11), and bands were quantified by densitometry.
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DNA Damage in Human Ischemia and Reperfusion June 2, 2004:1992–9ach experiment and its densitometric analysis were inde-
endently repeated at least 3 .
istology. Three groups of samples were fixed with 10%
uffered formalin for conventional histology, TUNEL ex-
mination, and PCNA staining (Table 1). The DNA
ragments were determined by the in situ apoptosis detec-
ion kit POD (Roche, Indianapolis, Indiana) according to
anufacturer’s instructions.
M analysis. Ultrastructural analysis of human left ven-
ricular specimens was performed after fixing three groups
f samples in 3% glutaraldehyde/0.1 M phosphate buffer
Table 1). Samples were processed (post-fixation and dehy-
ration) for embedding in Epon-Araldite (West Chester,
ennsylvania). Ultra-thin sections, stained with uranyl ace-
ate and lead citrate, were studied by using a Zeiss (Aresc,
ilan, Italy) EM 900 electron microscope.
TP content. The intracellular ATP of cardiac tissues
rom 10 different patients (Table 1) was measured with the
TP bioluminescent assay kit (Sigma, St. Louis, Missouri).
TP content was calculated by comparison with a standard
urve derived from known concentrations of ATP, ranging
rom 0.01 to 10 pmol and was expressed in mol/g protein.
ctivity of mitochondrial enzymes. Ten different groups
f tissue samples (Table 1) were homogenized at 4°C in
edium A (0.3 M sucrose, 10 mM KH2PO4, 1 mg/ml
ovine serum albumin, pH 6.50). Mitochondria were im-
ediately isolated, and mitochondrial proteins were mea-
ured. Mitochondrial enzyme assays were performed in a
WS (Beckman DU 640, Beckman, Fullerton, California).
ll assays were performed at 37°C in 1 ml of medium A.
e calculated the cytochrome c oxidase (COX) activity
rom the initial pseudolinear rate of cytochrome c oxidation
t 550 nm – 580 nm. All experiments were performed using
ifferent amounts of mitochondria (10, 5, 2, and 1 mg of
igure 1. Selective activation of extracellular signal-regulated kinase (ER
epresentative immunoblots of ERK1/2 and phospho-ERK1/2 (A), total a
tatistical analysis. All experiments were repeated at least 3  and yielded
ERK/ERK ratio; JNK activation was calculated as pJNK/JNK ratio, and
p  0.05 vs. 20’ and reperfusion (REP). Molecular weight markers are reportitochondrial protein). For each experiment, a series of five
ssays from the same sample was performed. The enzymatic
ctivity was expressed in mol/min/g protein.
alondialdehyde determination. We measured malondi-
ldehyde (MDA) in samples from 10 patients (Table 1) by
igh-performance liquid chromatography (HPLC) follow-
ng the method described by Wong et al. (12).
tatistical analysis. Data are expressed as mean  SE. For
ll analyses, a minimum value of p  0.05 was considered
tatistically significant; when present, a p value 0.01 was
pecified. When possible, for the comparison of results over
ime in the same patient, we used repeated measures analysis
f variance (ANOVA). When, for technical issues, results
ere not available at all time points in all patients, multi-
roup comparisons were calculated using ANOVA with
onferroni correction.
ESULTS
ifferential activation of MAPKs (ERK1/2, p38, and
NK) during acute ischemia and reperfusion of human
eft ventricles. Ischemia and reperfusion of the heart acti-
ate apoptosis in animal models (6,9,10). Upstream of cell
eath promoters and executioners, there are several protein
inases that, once activated by phosphorylation, trigger the
hosphorylation of transcription factors and other signaling
roteins involved in cell survival (13–18). We examined the
ctivation of ERK, JNK, and p38 at early stages of ischemia
nd reperfusion of the human heart. Total proteins derived
rom the ventricular samples of patients (Table 1) undergo-
ng aortic clamping were immunoblotted with specific
ntibodies that recognize the phosphorylated forms of
RK1/2, JNK, and p38. Figure 1 shows that ischemia
ifferentially activates the three stress protein kinases indi-
, Jun terminal kinase (JNK), and p38 in ischemic and reperfused hearts.
ospho-JNK (B), p38 and phospho-p38 (C) with relative densitometric and
r results. Extracellular signal-regulated kinase activation was calculated as
ctivation was calculated as pp38/p38 ratio. *p  0.01 vs. control (CON);K)1/2
nd ph
simila
p38 aed on the left of each panel.
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June 2, 2004:1992–9 DNA Damage in Human Ischemia and Reperfusionated above: 1) ERK1/2 was not induced by 20’ and 58’
schemia; 2) JNK was activated by ischemia in a time-
ependent fashion (3.12  0.22-fold at 58’ vs. CON); 3)
38 was transiently induced at 20’ of ischemia and at 58’
eturned to the baseline (2.14  0.21-fold in 20’ vs. CON).
eperfusion, on the other hand, induced a robust and
ignificant stimulation of all three kinases, including
RK1/2, which was not induced by ischemia. The activa-
ion, shown by the accumulation of phosphorylated bands,
as specific and selective because the total mass of protein
f each kinase analyzed was not modified by ischemia or
eperfusion (Fig. 1, lower panels).
The data shown in Figure 1, although descriptive, dis-
riminated ischemia from reperfusion because: 1) ERK1
as specifically induced by reperfusion; 2) JNK was induced
n a time-dependent fashion; 3) p38 was activated by
eperfusion, but only transiently by ischemia.
itochondrial stress induced by ischemia-reperfusion.
itochondria are the seat of important cellular functions
ncluding essential pathways of intermediate metabolism,
mino acid biosynthesis, fatty acid oxidation, steroid me-
abolism, apoptosis, and, most importantly, oxidative energy
etabolism. To determine more precisely the site and the
egree of the stress induced by ischemia in cardiomyocytes,
e analyzed the structure and the biochemical properties of
itochondria derived from ischemic and reperfused sam-
les. Figure 2A shows EM pictures of cells derived from
schemic and reperfused samples. The mitochondria ap-
igure 2. Mitochondrial stress in ischemic and reperfused hearts. (A) Repr
eperfusion (REP) left ventricular samples showing mitochondrial swelling
wo to three mitochondria/fields, and compared their median size to the sc
2  the scale bar). (B) Biochemical determination of cytochrome C oxid
amples. For cytochrome C oxidase, *p  0.01 vs. CON; for ATP levels, *
or MDA, *p  0.01 vs. CON. Abbreviations as defined in Figure 1.eared markedly enlarged in all the samples, and their
tructural organization (cristae) was significantly altered.
e noticed, however, that swelling of internal membranes
as more severe at 20 min of ischemia relative to control
nd 58 min or reperfused samples. Also, mitochondria from
eperfused sample, although enlarged, showed a certain
egree of structural organization (Fig. 2A, reperfusion and
ata not shown). To obtain a biochemical and functional
nalysis of mitochondrial metabolism under ischemia and
eperfusion, we determined the activity of COX, ATP, and
OS content in our samples.
Figure 2B shows the enzymatic activity of COX, ATP,
nd ROS content of 10 ischemic and reperfused samples.
ytochrome C oxidase activity and ATP levels were de-
ressed in ischemic samples and remained lower than
ontrol levels after the 20-min reperfusion. Reperfusion
nduced a significant, albeit partial, ATP recovery relative to
schemic samples (Fig. 2B). Oxygen free radical content,
nalyzed by malondialdehyde, was increased during isch-
mia and further increased during reperfusion (Fig. 2B).
ransient TUNEL staining of ischemic and reperfused
entricular myocytes. Analysis by EM of the samples
ndicated that only a minority of cells underwent apoptosis.
here was a consistent fraction of the cells (approximately
0% to 60%) that contained swollen mitochondria, glycogen
eposits with intact nuclei, and membranes, but we were
nable to find cardiac cells with signatures of apoptosis (data
ot shown). Staining of the sections of ventricular tissue
tive electron microscopy sections taken from control (CON), 20’, 58’, and
bars  0.2 m). We examined at least 10 fields/samples, counted at least
r indicated. In the CON samples, we did not find enlarged mitochondria
ctivity, ATP content, and malondialdehyde (MDA) levels on ventricular
.01 for ischemia and REP vs. CON and #p  0.05 for REP vs. ischemia;esenta
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DNA Damage in Human Ischemia and Reperfusion June 2, 2004:1992–9ith TUNEL, a widely used assay that labels with terminal
ransferase nicks and breaks in the DNA molecules, showed
significant fraction of positive cells during ischemia and
eperfusion stained by TUNEL (Fig. 3). In several control
amples analyzed (time 0), we never detected more than 1%
o 2% of positive cells. The fraction of the stained cells
ignificantly increased with the time (30  5% at 20’; 46 
% after 58’ of ischemia). Reperfusion was associated with a
ignificant reduction of TUNEL-positive cells (20  3%, p
0.01 vs. 20’ and 58’ of ischemia). Comparative analysis of
he samples with hematoxylin and eosin (HE) indicated that
he majority of stained nuclei were of cardiomyocytes, and
hey were not apoptotic or necrotic (Fig. 3 and insets).
rigger of DNA damage checkpoints in ischemic and
eperfused myocytes. The massive TUNEL staining of the
entricular myocytes induced by ischemia contrasted with
he absence of morphologic alterations of the cells. Massive
poptosis would not be consistent with the survival of the
rgan and would result in a significant organ failure not
ound in the patients analyzed (Methods section, Patient
election). To solve this paradox, we first determined
aspase 3 in our sample by immunoblot. Figure 4A shows
hat there is no sign of caspase activation in ischemic or
eperfused samples. We also analyzed, in the same ventric-
lar samples, several molecular markers triggered by dam-
ged DNA. DNA damage is sensed and signaled by p53
nd ATM kinase. p53 induces the cdk inhibitor p21WAF;
TM, on the other hand, phosphorylates a residue in the
istone H2AX, contiguous to the DNA double-strand
reaks (19). Figure 4B shows a significant activation of p53
nd p21WAF during ischemia and reperfusion. Phosphory-
ation of histone H2Ax was also stimulated, indicating a
igure 3. Massive TUNEL staining of ischemic and reperfused cardiom
ections derived from control (CON), 20’, 58’, and reperfusion (REP) left v
f the same samples (80 ). TUNEL-positive cells were counted in at lea
8’, 50  10%; reperfusion 20  5%). Abbreviations as defined in Figureignificant activation of ATM kinase, in ischemia and aeperfusion (Fig. 4B). Under both conditions, the major
NA damage checkpoints (p53 and ATM) were activated.
To obtain an independent marker of DNA repair, we
tained ischemic and reperfused samples with PCNA anti-
odies that recognize the proliferating nuclear antigen
nvolved in DNA repair. Figure 4C shows PCNA-positive
uclei in cells at 58 min of ischemia (ca. 10%). The signal
as not present in control samples (less than 1%) and was
ot significantly reduced in the reperfused heart (ca. 8%).
These data strongly suggest that stressed cardiomyocytes
ccumulate DNA lesions and activate the sensor apparatus,
hich signals the damage to the repairing machinery.
UNEL-positive cells represent myocytes with damaged
NA, not apoptotic cells.
ISCUSSION
e established a close correlation between acute ischemia
n the heart and activation of DNA damage checkpoint. To
ur knowledge, there have been no reports to date of DNA
amage and activation of ATM in acute ischemia. We
eport here that ischemia results in a massive and transient
nduction of DNA damage in ventricular cardiomyocytes.
lectron microscopy indicates that the primary targets of
schemia-reperfusion injury are the mitochondria, because
hey are altered (swelling) in the vast majority of the cells at
arlier times during ischemia (Fig. 2). We believe that the
ctivation of stress kinases is secondary to the mitochondrial
nbalance of ROS (11). This idea is supported by the
ncrease of ROS in ischemic and reperfused samples and by
he marked reduction of COX and ATP content in isch-
mic samples (Fig. 2B).
tress response in ischemic cardiomyocytes. During brief
es. Representative TUNEL and Haematoxylin Eosin (HE) staining of
ular samples (40magnification). The insets show a higher magnification
(20 ) fields/sample (CON, 1  2%; ischemia 20’, 30  5%; ischemiayocyt
entric
st 10
1.nd prolonged ischemia, ERK1/2 was not activated, while
F
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w
p
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m
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June 2, 2004:1992–9 DNA Damage in Human Ischemia and Reperfusionigure 4. Deoxyribonucleic acid damage responses in ischemic and reperfused hearts. Representative Western blots of caspase 3 (A), p53, p21WAF, and
hosphoH2Ax levels (B), with relative densitometric evaluation and statistical analysis. All experiments were repeated at least 3, and differences observed
ere not due to different protein concentrations as all membranes were also probed with anti-extracellular signal-regulated kinase-1/2 antibodies (B, lower
anel). For p53, p21WAF, and phospho-H2Ax, *p  0.01 vs. control (CON). Molecular weight markers are reported on the left of each panel. (C)
roliferative cell nuclear antigen (PCNA) staining of control, ischemic (58’), and reperfused ventricular samples. Hystochemical staining with anti-PCNA
onoclonal antibody was performed as described in the Methods section. Positive cells were counted in at least five (20 ) fields (control samples 0.5
1.2%; ischemia 58 min: 10  3%; reperfusion samples: 8  2%). ADU  arbitrary densitometric units. Other abbreviations as defined in Figure 1.
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DNA Damage in Human Ischemia and Reperfusion June 2, 2004:1992–938 was rapidly activated compared with JNK. Under very
imilar conditions, ERK1/2 was found active in ischemic
trial appendages (18). These differences might reflect a
ifferent response between the ventricular versus atrial
yocytes or a different degree of stress imposed on the
earts before the analysis. It has been reported that these
inases are differentially responsive to different types of
tress: JNK is sensitive to misfolded proteins accumulation
20), and p38 is activated by osmotic stress (21). Extracel-
ular signal-regulated kinase-1/2 on the other hand seems to
e activated by a variety of stimuli. In isolated cardiomyo-
ytes and endothelial cells, sustained or higher H2O2
oncentrations are able to activate all three types of stress
inases, while lower H2O2 concentrations transiently acti-
ate ERK1/2 and JNK. Moreover, we found that ERK1/2
ctivated by Ki Ras stimulates mitochondrial MnSOD (11).
he robust accumulation of ROS in reperfused samples
ight be responsible for ERK1/2 activation (Figs. 1 and 2).
xtracellular signal-regulated kinase-1/2 activation seems to
ave protective effects in reperfusion injury (22). On the
ther hand, p38 mediates cellular damage in ischemia-
eperfusion (23). Extracellular signal-regulated kinase-1/2
ctivation under these conditions might be an important
actor to reduce mitochondrial stress (24).
poptosis or DNA damage and activation of repair
achinery? Ischemia and reperfusion induce a consider-
ble stress on mitochondria, as demonstrated by reduction
f COX, ATP content, and mitochondrial swelling (Fig.
B). Traditionally, apoptosis has been viewed as a necessary
utcome of these events. Apoptosis of cardiomyocytes has
een reported in various pathologic settings (6–10). Most
eports are mainly based on DNA fragmentation, a bio-
hemical hallmark of apoptosis (25), detected from the
NA ladder pattern on gel electrophoresis and/or DNA in
itu nick end-labeling (TUNEL). However, evidence of the
haracteristic ultrastructure, a morphologic hallmark of
poptosis (26), is rare in cardiomyocytes.
The best interpretation of the data shown here is that the
ajority of TUNEL-positive cells are myocytes with dam-
ged DNA, which activates stress kinases and checkpoint
roteins, such as p53 and ATM. Note the rapid accumula-
ion of p53 in Figure 4A, is most likely caused by impaired
egradation of the protein. Although the TUNEL assay is
ot very specific, we believe that the repair machine is at
ork in these samples, because we find cells, during isch-
mia and reperfusion, positive to PCNA (Fig. 4C). The
ype of DNA lesions are, most likely, double-strand breaks,
ecause ATM and H2AX phosphorylation are specifically
ctivated by these lesions (19). The fraction of TUNEL-
ositive cells (insets in Fig. 3) was significantly lower in
eperfused samples compared with 20 and 58 ischemia
amples. Taken together, these data indicate a novel aspect
f the stress induced by reperfusion. We suggest that DNA
amage is initiated during ischemia (Figs. 2 and 3) and
ctivates the DNA repair machinery (Fig. 4). Reperfusion,
n the other hand, by restoring cellular respiration, deter-ines partial recovery of ATP content and high ROS levels.
owever, in the same samples, reperfusion was associated
ith a reduction of TUNEL. We propose that, under these
onditions, the repair apparatus is already completely acti-
ated and more capable of coping with oxidative stress.
aken together, these observations might explain why
estoration of coronary blood flow does not result in
omplete restoration of cardiac function and also why
epetitive ischemic episodes are better tolerated by cardiac
yocytes (preconditioning). It is possible that the lesions,
nitiated at high levels during ischemia, are rescued by repair
athways. For example, ERK1/2 and PKC epsilon form
itochondrial signaling modules that mediate protection of
ardiac cells by phosphorylation and inactivation of BAD
24).
The nature of the samples shown in our study precludes
long-term study. We cannot determine the fate of stressed
entricular cells, days and months after the ischemia-
eperfusion. We presume that the majority of the cells
epaired the DNA lesions, because the patients did not
how any functional alterations after surgery. It would be of
nterest to study the long-term consequences of repaired
NA lesions on chromatin organization and transcription.
In conclusion, the data shown here indicate that ventric-
lar myocytes accumulate DNA damage during ischemia
nd reperfusion. Under these conditions, only a minor
raction of the stressed cells succumbs to apoptosis, and the
ast majority of the cells repair DNA lesions. It remains to
e determined if the cells that survive the acute stress
ndergo gross DNA lesions that compromise chromatin
rganization and transcriptional efficiency.
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